ABSTRACT. Ethylene induces signifi cant petal abscission in regal pelargonium (Pelargonium ×domesticum L.H. Bailey). Three genotypes, ʻElegance Silverʼ and its progeny, 00-43-1 and 00-43-2, were developed with exceptional production and postproduction characteristics. These genotypes had signifi cantly enhanced individual fl oret longevity and whole plant longevity, and displayed more than twice as many fl orets as commercial cultivars. Dose response analysis demonstrated that ʻElegance Silverʼ has reduced ethylene responsiveness throughout fl oret development, shown by lower petal abscission than other cultivars over a range of ethylene concentrations. Floret longevity was strongly correlated with ethylene responsiveness as indicated by S 50 (ethylene concentration for 50% petal abscission), but not with ethylene production. These results suggest that reduced ethylene responsiveness is an important determinant of enhanced postproduction performance in the superior genotypes of regal pelargonium.
Floral life of many species is terminated by ethylene-induced fl oral senescence or abscission (Abeles et al., 1992) . Flowers of the Geraniaceae are particularly sensitive to ethylene, and species within this family consistently demonstrated petal abscission in response to applied ethylene (van Doorn, 2001; Woltering and van Doorn, 1988) . The postproduction quality of regal pelargonium, a fl owering potted plant with extraordinary aesthetic characteristics, is limited by rapid petal abscission within 1 to 2.5 h after treatment with as little as 1 μL·L -1 ethylene (Deneke et al., 1990; Olson and Evensen, 1990) . In the absence of exogenous ethylene treatment, petal abscission results from a combination of ethylene synthesis by fl oral parts and increasing ethylene responsiveness during fl ower development (Deneke et al., 1990; Evensen, 1991) . In diploid zonal geraniums (P. ×hortorum L.H. Bailey) with single fl orets, pollination-induced ethylene production resulted in petal abscission within 4 h of pollination (Clark et al., 1997) . However, in regal pelargonium, the abscission rate after intentional pollination was low, and petal abscission did not appear to be related to the rate of accidental pollination during shipping (unpublished data). We therefore speculated that the most important aspects of shipping quality for regal pelargonium are ethylene production, ethylene exposure (from endogenous or other sources) and ethylene responsiveness.
Through the breeding program of the Pennsylvania State Univ. (PSU), a genotype of regal pelargonium, ʻElegance Silverʼ, has been developed with exceptional production and postproduction characteristics (Fig. 1A) . Two progeny of ʻElegance Silverʼ, 00-43-1 (Fig. 1B) , and 00-43-2 (Fig. 1C) , also exhibited enhanced postproduction quality compared to current commercial genotypes. In the present study, these PSU genotypes were compared with commercial genotypes in order to investigate the role of ethylene in explaining the variation in longevity and postproduction quality among regal pelargoniums. Preliminary work (Kim et 
Materials and Methods

PLANT MATERIAL.
Rooted cuttings from culture-virus-indexed propagative stock of commercial regal pelargoniums were obtained from Oglevee Ltd., Connellsville, Pa. Cuttings of PSU genotypes ʻElegance Silverʼ, 00-43-1, and 00-43-2 were taken from stock plants maintained in the PSU Horticulture Department greenhouses and rooted for 4 weeks in a greenhouse equipped with bottom heat and intermittent mist. Rooted cuttings were placed under natural light supplemented with 110 ± 10 μmol·m -2 ·s -1 from high-intensity-discharge metal halide lamps (Sylvania GTE, Manchester, N.H.) for 4 weeks to stimulate fl oral initiation. Photosynthetically active radiation varied throughout the day with a maximum of 1400 μmol·m -2 ·s -1 . Temperatures in the greenhouse during the experimental period were 21 °C day/16 ºC night with an 18-h photoperiod. The plants were potted in 15-cm (1.5 L) azalea pots with Aggregate Plus Media-Sunshine Mix-4 (SUN GRO Horticulture, Bellevue, Wash.) and placed under the same light scheme as described above. The plants were alternately fertilized during irrigation with Peters Professional Foliar Feed 27N-6.6P-10K and Miracle-Gro Professional Excel 15N-2.2P-12.5K CAL-MAG (Scotts-Sierra, Marysville, Ohio). Foliar sprays of insecticidal soap were used before anthesis to control whitefl y populations.
Floret longevity, defi ned as the number of days between anthesis and senescence (petal abscission), was evaluated using fl orets on intact plants in the greenhouse. Florets were labeled at the day of anthesis with small paper tags to record the date. The date of fl oral senescence was recorded when 50% or more petals were abscised in response to a gentle touch. For the evaluation of whole plant longevity, we used plants of the same age that had begun to fl ower ≈2 weeks previously. At that time, all open fl orets were removed from each plant to allow tracking of fl oret ages. When new fl orets began to open, the fl orets were labeled with paper tags recording the date of anthesis until the plant bore a population of 0-to 10-d-old fl orets. The plants were then moved to a simulated consumer environment to evaluate postproduction longevity as described below.
EVALUATION OF ETHYLENE RESPONSIVENESS. Individual florets of known ages were harvested from plants grown in the greenhouse, and placed in a plastic rack inside a plastic container with the pedicels in distilled water. The water level was adjusted to produce a standard container gas volume, and the container was sealed with a tight-fi tting lid fi tted with a septum. Ethylene gas was injected into the chamber to provide the desired concentration, and the container was kept at 22.5 ± 0.1 ºC for 90 min. Ethylene concentrations were analyzed by sampling with 1-mL syringes from the headspace of the sealed container, and determining ethylene concentration with a gas chromatograph (model 6890; Hewlett-Packard, Palo Alto, Calif.) fi tted with a fl ame ionization detector and an activated alumina column. The detection limit was 0.013 μL·L -1 . The lid was opened and petal abscission was evaluated 1 h after completion of ethylene treatment. Abscission rate was calculated based on the proportion of total petals shed when the fl orets were shaken lightly. The fi rst set of experiments were conducted from February to March (season 1), and the second set of experiments from December to January (season 2). Each treatment included at least six fl orets of each age per genotype.
ETHYLENE PRODUCTION MEASUREMENT. Ethylene production of fl orets was measured by enclosing each fl oret with petals attached and rolled gently in a 5-mL vial. After 1-h incubation at 22.5 ± 0.1 ºC, ethylene was sampled with 1-cm 3 syringes from the head space of the sealed vials and the concentration was determined by gas chromatography as described. Ethylene production (nL·g -1 FW per hour) was calculated on a fresh weight basis for each sample. Sample fresh weight was recorded before the ethylene measurement.
EVALUATION OF POSTPRODUCTION LONGEVITY. To evaluate whole plant longevity, plants bearing various ages of fl orets were moved to a simulated consumer environment (SCE). The SCE was maintained at 22.5 ± 0.1 °C, 50% ± 15% relative humidity, and 40 ± 0.5 μmol·m -2 ·s -1 provided by cool-white fl uorescent lamps from 0800 to 2000 HR daily. Temperature, relative humidity and photosynthetic photon fl ux were measured at mid-shoot height and recorded by the HOBO data logger (Onset Computer Corp., Bourne, Mass.). Plants were irrigated as needed with distilled water.
Dates of fl oret anthesis and senescence of each fl oret were recorded on paper tags before, during and after simulated transport to determine individual fl oret longevity. Florets were considered senescent if they wilted or if ≥50% of the petals had abscised. Whole plant longevity was defi ned as the number of days from placement in the SCE until fi ve or fewer healthy fl orets remained on the plant. Number of open fl orets was recorded at each week. At least four plants of each genotype were evaluated for individual fl oret longevity and whole plant longevity.
STATISTICAL ANALYSIS. Analysis of variance (ANOVA) and mean separations (Fisherʼs protected least signifi cant difference test) were conducted using StatView (SAS Institute, Cary, N.C.) and were considered signifi cant at P < 0.05. The curve describing ethylene responsiveness (ethylene concentration vs. abscission) was fi tted by SigmaPlot (SigmaPlot 8.0; SPSS, Chicago) with regression analysis.
Results
LONGEVITY OF INDIVIDUAL FLORETS.
When the plants were grown in the greenhouse, the PSU genotypes ʻElegance Silverʼ and 00-43-2 displayed about twice the average fl oret longevity of other genotypes (Fig. 2) . The fl oret longevity of 00-43-1 was also higher than that of other genotypes, while ʻMaiden Lilacʼ displayed the shortest fl oret longevity among the evaluated genotypes. Individual fl oret longevity on intact plants was strongly correlated with whole plant longevity and fl oral display (number of fl orets at 2 weeks in the SCE) (Fig. 3) . The PSU genotypes had greater whole plant longevity compared to other genotypes and retained a higher number of fl orets in the SCE compared to other genotypes (Fig. 3) . 
ENDOGENOUS ETHYLENE PRODUCTION.
Ethylene production rates of excised fl orets of regal pelargonium were quite low, ranging from 0.1 to 1.4 nL·g -1 FW per hour (Fig. 4) . Regardless of genotype, ethylene production was highest on the day of anthesis, decreased within 1 week, and then demonstrated a climacteric-like pattern as the fl oret aged (Fig. 4) . In addition to the genotypes shown in Fig. 4 , ethylene production was evaluated during the fi rst 6 d after anthesis for 00-43-1, 00-43-2, ʻMaiden Orangeʼ, ʻMaiden Lilacʼ, ʻBravoʼ, ʻBaronessʼ, and ʻBalletʼ (data not shown). Freshly opened fl orets of 00-43-1 produced signifi cantly higher ethylene on the day of anthesis (1.35 nL·g -1 FW per hour) than other genotypes (not shown). ʻBalletʼ and ʻEmperorʼ, which display relatively short fl oret life (Fig. 2) , produced the lowest rate of ethylene on the day of anthesis and the ethylene production rate remained low (Fig. 4) . There was no correlation between ethylene production rates and individual fl oret longevity on intact plants either on the day of anthesis or 3 d after anthesis, when stigmatic lobes begin to separate (Fig. 5) .
ETHYLENE RESPONSIVENESS. We previously showed that petal abscission in response to ethylene exposure (0.015 μL·L -1 ethylene for 90 min) varied with genotype and fl oret age (Kim et al., 2005) . Florets up to 6-d-old of ʻElegance Silverʼ and 00-43-2 were unresponsive to this concentration of exogenous ethylene, and 00-42-1 demonstrated an intermediate response. The other genotypes responded to ethylene with a high rate of petal abscission, sometimes even in freshly opened fl orets.
In season 2, 3-d-old fl orets of each genotype were treated with a range of ethylene concentrations to generate dose-response curves. Petal abscission sharply increased over a narrow ethylene concentration range in most genotypes, and ethylene responsiveness was highest in ʻMaiden Lilacʼ and ʻMaiden Orangeʼ (Fig. 6) . Three-day-old fl orets of ʻElegance Silverʼ, 00-43-2, and 00-43-1 did not respond to ethylene concentrations lower than 0.4 μL·L -1 for 90 min (Fig. 6) .
The responsiveness coeffi cients (Nissen, 1985) were used to analyze ethylene responsiveness of various genotypes in two different seasons. PSU genotypes had higher values of S 10 , S 50 , and S 90 (the ethylene concentration for 10%, 50%, and 90% abscission, respectively) relative to other genotypes, refl ecting their lower ethylene responsiveness (Table 1) . These values varied between seasons but the ranking of genotypes remained almost the same (Table 1) . Floret longevity was correlated with the S 50 of 3-d-old fl orets, which was higher in season 2 (Fig. 7) . The responsiveness coeffi cient, S 90 /S 10 , tended to be lower in PSU genotypes than in commercial genotypes (Table 1) , refl ecting the smaller slopes of the dose-response curves (Fig. 6) . However, these values were not consistent between seasons, indicating that the range of ethylene concentration to proceed from a small to a large response varied with season as well as genotype.
Discussion
'ELEGANCE SILVER' AND ITS PROGENY, 00-43-2, DISPLAYED SUPERIOR POSTPRODUCTION PERFORMANCE IN COMPARISON WITH OTHER GENOTYPES.
Our results demonstrate that postproduction quality of regal pelargonium varies signifi cantly among genotypes. The genetic differences in postproduction quality were consistent between seasons, indicating stable genetic effects for the characteristic.
The PSU genotypes displayed exceptional postproduction performance when compared to commercial cultivars. They had dramatically prolonged whole-plant longevity and maintained higher number of fl orets in the SCE (Fig. 3) . In the season 1 experiment, the PSU genotypes had much higher number of fl orets even at the commencement of the experiment (data not shown), although all the genotypes reached fi rst anthesis at about the same time. The increased whole plant longevity of these genotypes is attributable to greater individual fl oret longevity and the development of more fl orets per plant (Fig. 3) .
SIGNIFICANTLY REDUCED ETHYLENE RESPONSIVENESS CONTRIB-UTES TO THE SUPERIOR POSTPRODUCTION PERFORMANCE OF PSU GEN-OTYPES.
Regal pelargonium is classified as one of the ornamental species most sensitive to ethylene (Deneke et al., 1990; Woltering, 1987) . All of the regal pelargonium genotypes that we examined responded to ethylene, however, ethylene responsiveness varied signifi cantly among genotypes. Commercial genotypes displayed signifi cant petal abscission in response to ethylene treatment at concentrations as low as 0.01 μL·L -1 (Fig. 6) (Kim et al., 2005) . This concentration is extremely low compared to concentrations used to survey fl oriculture crop responsiveness to ethylene (van Doorn, 2001; Woltering, 1987; Woltering and van Doorn, 1988) and demonstrates the reason for the poor shipping performance of regal pelargonium. Commercial genotypes could easily abscise petals even in the presence of very small amounts of ethylene resulting from stresses imposed during shipping or handling, or in response to even minor sources of exogenous ethylene.
Ethylene responsiveness was higher in season 1 than in season 2 for all genotypes except ʻElegance Silverʼ (lower S 50 values, Table 1 ), indicating that ethylene responsiveness was altered by the growth environment. We previously showed that higher forcing temperature increased ethylene responsiveness in two other cultivars of regal pelargonium (Evensen and Olson, 1992) . Although greenhouse set-point temperatures were the same for all our experiments, it is possible that there were more sunny days during season 1, driving daytime temperatures above the setpoint and increasing ethylene responsiveness.
To investigate the cause of the superior postproduction quality of ʻElegance Silverʼ, we measured endogenous ethylene production and ethylene responsiveness of fl orets at different ages. There was no clear relationship between the cumulative amount of ethylene production in excised fl orets and the longevity of fl orets on intact plants (Fig. 5) . The timing of a climacteric-like rise in ethylene production preceded petal abscission, refl ecting differences in fl oret longevity of the evaluated genotypes (Fig. 4) . Dose response data indicated that ʻElegance Silverʼ was signifi cantly less sensitive to ethylene than any other genotype evaluated (Fig. 6) . Even with 1 μL·L -1 ethylene exposure, petal abscission of 3-d-old ʻElegance Silverʼ fl orets remained <50% (Fig. 6 ). The differences in ethylene responsiveness among the genotypes can explain most of the genetic variation in postproduction quality in regal pelargoniums. ʻElegance Silverʼ and its progeny 00-43-2 displayed extended fl oret longevity, which was strongly associated with reduced ethylene responsiveness (Fig. 7) . Therefore, our results clearly demonstrate that ethylene responsiveness plays a critical role in regulating petal abscission and fl oral longevity in regal pelargoniums, and that the PSU genotypes have signifi cantly prolonged fl oral longevity because of lower ethylene responsiveness.
Quantifi cation of ethylene responsiveness indicated that the PSU genotypes, like commercial cultivars, are classifi ed ultra-responsive despite their significantly reduced ethylene responsiveness. The S 10 , S 50 , and S 90 values allow direct comparison of ethylene responsiveness among genotypes and indicate the absolute values of ethylene concentration to which these plants respond, while the responsiveness coeffi cient (S 90 /S 10 ) refl ects the slope of the main part of the response curve, indicating the narrowness of the range over which responses change. The PSU genotypes, in every case but one (S 10 for 00-43-1, season 1), had higher S 10 , S 50 , and S 90 values than commercial cultivars. However, the responsiveness coeffi cients were not associated with long fl oret life. In practice, the absolute amount of ethylene resulting in a response is more important, since it is exposure to endogenous or exogenous ethylene that results in undesirable petal abscission during the postproduction period. What accounts for the reduced ethylene responsiveness of ʻElegance Silverʼ? Florets of this genotype take 1 or 2 d longer than other genotypes to progress from anthesis to separation of stigmatic lobes. Separation of the stigmatic lobes signifi es receptiveness to pollination and the development of ethylene responsiveness (Evensen, 1991) . Delayed development of ethylene responsiveness could partly explain the reduced ethylene responsiveness of ʻElegance Silver.ʼ However, even 6-d-old fl orets of ʻElegance Silverʼ were less ethylene responsive than 1-to 2-d-old fl orets of the commercial cultivars, so other factors must also play a role.
Another possibility is that ʻElegance Silverʼ and its progeny have modifi ed concentrations or activity of ethylene signal transduction components. Ethylene signal transduction begins with ethylene binding to receptors, resulting in their inactivation and loss of CTR1-mediated repression of downstream components of the signal transduction pathway (Guo and Ecker, 2004) . One way that ethylene responsiveness may be reduced is by increasing the abundance of ethylene receptors (Zhao and Schaller, 2004) . A higher concentration of receptors would provide more binding sites to be fi lled by ethylene before the ethylene-receptor complex inactivates CTR1 and the ethylene response (petal abscission) can commence. Another candidate is EIN3, a transcription factor necessary for ethylene responses (Chao et al., 1997; Solano et al., 1998) . In protoplasts from Zea mays L. and Arabidopsis thaliana (L.) Heynh. leaves, the stability of the EIN3 protein was enhanced by ethylene and reduced by glucose (Yanagisawa et al., 2003) . A reduction in the concentration or stability of EIN3 in ʻElegance Silverʼ would result in reduced ethylene responsiveness. The seasonal differences in S-coeffi cients found in our experiments (Table  1) could result from variations in carbohydrate status impacting the stability of EIN3. Previous work with regal pelargonium plants grown under controlled light and temperature regimes implicated carbohydrate status in several aspects of postproduction quality, including ethylene responsiveness (Evensen and Olson, 1992) . Research is needed to determine whether carbohydrate metabolism is linked with ethylene responsiveness via EIN3, and whether this can be exploited for improved fl ower crop quality. Our results demonstrate a large variation in ethylene responsiveness that explains the differences in postproduction performance of PSU genotypes compared with commercial cultivars. These genotypes were developed in a conventional breeding program for improved disease and insect resistance, continued fl owering under high temperature, and improved postproduction quality. This work shows that genotypes with improved postproduction quality could be identifi ed by selection for reduced ethylene responsiveness of fl orets. In seed-propagated geraniums (P. ×hortorum), seedlings were screened for impaired triple-response to ethylene, which was shown to correlate with reduced petal abscission (Clark et al., 2001 ). However, regal pelargonium plants are propagated by rooted cuttings. The majority of these plants are putative tetraploids, and seedling production is not presently feasible due to low seed numbers and germination rates (Craig, 1982) . Screening of genotypes for individual fl oret responses to ethylene can therefore be used to identify genotypes with good postproduction characteristics.
